To appear in The Astrophysical Journal 



Nucleosynthesis in the early Galaxy 

F. Montes^'i°, T.C. Beers^'^, J. Cowan^ T. Elliot^'^-e^ K. Farouqi^ R. Gallino^ M. Heil\ 
K.-L. Kratz^'9, B. Pfeiffer^ M. Pignatari^ H. Schatz^'^.e 

ABSTRACT 

Recent observations of r-process-enriched metal-poor star abundances reveal a 
non-uniform abundance pattern for elements Z < 47. Based on non-correlation 
trends between elemental abundances as a function of Eu-richness in a large 
sample of metal-poor stars, it is shown that the mixing of a consistent and robust 
light element primary process (LEPP) and the r-process pattern found in r- 
II metal-poor stars explains such apparent non-uniformity. Furthermore, we 
derive the abundance pattern of the LEPP from observation and show that it is 
consistent with a missing component in the solar abundances when using a recent 
s-process model. As the astrophysical site of the LEPP is not known, we explore 
the possibility of a neutron capture process within a site-independent approach. 
It is suggested that scenarios with neutron densities ?7.„ < 10^^ cm~^ or in the 
range n„ > 10^^ cm~^ best explain the observations. 
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Introduction 



The r-process is responsible for the origin of about half of the heavy i sotopes beyond the 



iron group in natu r e, yet its site is sti ll not determined with certainty (ICowan et al.lll991 
Truran et al.l 120021 : ICowan et al.l 120061 ) . The r-process involves extremely unstable nuclei 



and in order for neutron captures to overcome the correspondingly short beta decay rates, 
typical conditions with neutr on densities in ex cess of 10^° cm~^ and a process duration of 
less than ^5 s are required (IKratz et al.lll993l ). R-process models have had difficulties in 
obtaining such conditions in realistic astrophysical environments. One promising scenario 
and one of the most studied is the neutrino-d r iven wind off a proto- neutron star in core 
collapse supernoyae (Wooslev fc HoffmarJ 1992 : Takahashi et al. 1994 : Wanajo et al. 2001 



Thompson et al. 



2001 



ers ( iFreiburghaus et al 



arougi et al 



1999 



1200' 



Alternative scenarios inclu de neutron star merg- 



Rosswog et al.lll999l : iGorielv et al.ll2005[). iets in core c ollapse 



supernovae (jCameroru 1200 ll ). and gamma ray bursts (ISurman fc McLaughlinI l2005l ). The 
s-process is responsible for creating roughly the other half of the isotopes beyond the iron 
group, while the p-process has significant contributions only on the relatively rare isotopes on 
the proton-rich side of the nuclei chart. It has also been recognized that to correctly repro- 
duce the solar systern s-process abundances at least two different components are required 
(iKappeler et al.lll982ll: the weak s-process compo nent responsible for creating s-isotopes with 



A<90 flRaiteri et al. 



heavier s-isotopes (lArlandini et al. 



1992 



19991: 



Pignatari et al.ll2006r). and the main s-process responsib le for the 



Travaglio et al.ll2004j : ICristallo et al. 



s-process component, called strong s-process, was envisaged by IClayton fc RassbachI (119671 ) 



20061). A third 



at the termination of the s-process, to account essentially for about 50% of solar 208p|^ 



This componem 


was 


(Travaglio et al. 


2001) 



The solar system r-process abundances are often inferred by using the calculated s- and 
p- abundances and subtracting them from the observed solar system abundances. If there is 
an additional nucleosynthesis process creating only small amounts of residual abundances, 
its contribution may be "hidden" in the such defined solar system r-process abundances. 

In addition to the solar system abundance distribution, observations of elemental abun- 
dances in unevolved metal-poor halo stars can provide important clues about nucleosynthesis 
events in the early Galaxy. These stars are old and preserve in their photospheres the abun- 
dance composition at the location and time of their formation. In particular a sub-class 
of extremely metal-poor ([Fe/H]?5i —3) but Eu enhanced stars ([Eu/Fe]>0.5) exhibit what 
appears to be a pure r-process abundance pattern for the heavy r-process elements Z > 56 
and Z < 83. This pattern is remarkably stable from star to star and in excellent agreement 
with the contribution of the r-process to the solar abundances. A few of these stars have 
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been found to date, with CS 22892-052 (jSneden et al.ll2003l ) being the prime example. Since 
they are thought to exhibit the abundance pattern produced by a single or at most a few 
r-process events in the early Galaxy, the stability of the observed abundance pattern and 
the good agreement with the solar system r-process contribution imply that r-process events 
generate a universal abundance distribution. The universality of the abundance pattern of 
the heavy r-process elements seems not to exten d to the actinides Th and U, where some 



Schatz et al. 


2002: 


Honda et al. 


2004) 



While the r-process abundance pattern for 56 < Z < 83 is stable from star-to-star, 
the overall level of enrichment with respect to iron (for example [Eu/Fe]) shows a very 
large star to star scatter. This implies that very metal-poor halo stars sample a largely 
unmixed early Galax y and that the r-pro cess occurs in at most 2-10% of iron producing core 
collapse supernovae (ITruran et al.ll2002l ) (assuming core collapse supernovae are the site of 
the r-process). 

However, this simple picture breaks down for the lighter neutron capture elements with 
Z < 47. The abundances of these elements measured in the strongly Eu-enhanced stars 
once normalized to Eu do not agree entirely with the solar system r-process residual pat- 
tern. In particular the abundances of Y, Mo, Rh, Pd and Ag are consistently below the 
solar system values. This either indicates that the r-process in this region is not robust 
and depends on the astrophysical condition or metallicity, or that the r-process observed 
in these stars is not the only nucleosynthesis process leading to the abun dance pattern 



obtain ed by subtracting the s- and p- processes from the solar abundances (jPfeiffer et al. 



2001al jb[). There is additional evi dence for such a second process b eing present in the early 
Galaxy: Iwasserburg et al" ( 1996 ) and Qian fc Wasserburg ( 2000a ) first proposed the exis- 
tence of two different r-process sites or components based on meteoritic evidence of live light 
r-process ^^^I (Ti/2=15.7 Myr) in t he early solar systern comp ar ed to the heavy r-pro c ess iso- 



topes such as i^^Hf (Ti/2=8.9 Myr, IVockenhuber et all (l2004f )l iQian fc Wasserburd (l2000b 



20011 . l2003l ) also proposed that two r-processes together with a "prompt" nucleosynthe- 
sis contribution could explain the metal poor star abundance observations available at the 
time. However, it has been pointed out that the proposal of different r-process sites for 
the isotopes in the second r-process peak from I to Te (including ^^^I) and for isotopes 



the known nuclear physics at the N = 


-- 82 shell gap ( 


Kratz et al. 


200' 


n. 1 


VIcWiUiam 


Jl998). 


Burris et al. 


(2000). 


Sforris et al. 


(2001 


). 


Johnson & Boltd ( 


2002 


). 


Lambert & AUende Prieto 


(2002 


), 


Truran et al. 


(2002 


) , iHonda et al. 


( 


2004 


) and 


Barklem et al. 


( 


200^ 


3) reported the ob- 



servation of a large scatter in [Sr/Ba] in low-metallicity stars. This has been interpreted as 
further evidence for a second, independent process that produces Sr but little or no Ba at low 
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metallicities. iTravaglio et al.l (120041 ) demonstrated that the same is true for Y, and Zr, and 
they postul ated a LEPP - Light Element Primary Process producing Sr, Y, and Zr, but little 
Eu and Ba. iTruran et al.l (120021 ) pointed out that there is in fact a non-correlation of [Sr/Ba] 
and [Ba/Fe] in some stars showing very large [Sr/Ba] ratios but little Ba. Again, this can be 
explained by the presence of a second process producing mainly Sr that happens to do r ainate 
the composition in such stars. A similar no n-correlation was found by lOtsuki et al.l (120061 ) 
for a few stars in the globular cluster M15. lAoki et al.l (120051 ) came to a similar conclusion 
based on trends in the behavior of Y and Zr as a function of Eu. 

We show here in § [2] that such an non-correlation can be found in all metal-poor, r- 
process-enriched stars, and for additional light elements beyond Sr, Y, and Zr. This includes 
previ ously noted "anomalies" such as the observed abundances in HD 122563 (jHonda et al. 



20061 ) that cannot be fit by an r- or an s-process alone. Also in cluded is the abu ndance 
pattern in the moderately r-element enhanced star HD 221170 ( Ivans et al.l I2OO6I ) which 
does not exhibit the underabundance of light r-process elements with respect to the solar r- 
process contribution. We show that these "anomalies" are in fact part of a general trend that 
is consistent with a mixture of two processes in metal-poor stars, an r-process and a LEPP 
process exhibiting rather stable abundance patterns, which are mixed in varying proportions. 
In § [3] we then analyze the features of the newly derived LEPP abundance pattern in terms 
of a neutron capture process model to determine the astrophysical conditions required for 
this new process. Conclusions are presented in § HI 



Abundance clues 



The observed elemental abundanc es of metal-poor ( [ Fe/H]< —1) and r-process enriched 
([Ba/Eu]<0) stars are shown in Fig. [T]( Burris et al. 200ol : Honda et al. 2004; Christheb et al. 
2004; Barklem et al. 2005; Honda et all 2006 ) . All abundances are normalized to Eu, which 
is predominantly an r-process element (~95% of the total solar abundance). The heavy r- 
process elements with Z > 56 exhibit, within the observational errors, a constant ratio with 
respect to Eu, independent of the Eu enrichment of the star. This ratio is consistent with 
the element ratio of the r-process contribution to the solar system. This indicates that the 
heavy elements are produced by the r-process that produces a universal abundance pattern 
with fixed element ratios consistent with the solar r-process abundance pattern. This is the 
same conclusion that has been drawn from the abundance pattern of the few very metal- 
poor, strongly r-process enhanced stars where a large range o f elemental abundance ha ve 
been determined (see for example the reviews by lTruran et al.l (|2002| ): ICowan et al.l (120061 )). 



It is also obvious from Fig. [T] that the lighter r-process elements behave very differently. 
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Clearly, the [Y/Eu], [Sr/Eu] and [Zr/Eu] ratios are not constant but show a non-correlation 
with the Eu enrichment. This non-correlation indicates that a different process (the LEPP), 
which does not create substantial amounts of heavier r-proc ess elements s uch a s Eu, has 
contributed significantly to the abundances of Sr, Y, and Zr. lOtsuki et al.l (120061 ) studying 
6 giants in the globular cluster M15 observed a similar relation for Y and Zr with respect to 
Eu and came to the same conclusion, but with very low statistics. We confirm their result 
with a much larger sample and show that this is true for all r-process enhanced, metal-poor 
stars. While observations require this process to be different in the sense that it operates 
not always simultaneously with the process that produces the r-process abundances observed 
in highly r-process - enhari ced stars (r-11, with [Eu/Fe]>1.0 and [Ba/Eu]<0.0 , according to 
Beers &: Christliebl ( 120051 )). it is still possible that both processes occur in the same astro- 
physical object. 

The [Xj/Eu] versus [Eu/Fe] slopes for the light r-process elements in Fig. [1] are at least 
for not too large [Eu/Fe] roughly consistent with -1. This is a consequence of th e correlation 
of the light r-process elements with Fe instead of Eu. As iTravaglio et al.l (120041 ) have shown 
for Sr, Y, and Zr, [Xj/Fe] is roughly constant and shows a rather small scatter as a function of 
metallicity [Fe/H]. Because of [Xj/Eu] = [Xj/Fe] — [Eu/Fe], this results in a -1 slope in [Xj/Eu] 
versus [Eu/Fe]. 

An interesting question is the behavior of other ligh t r-process elements below Ba. Ag 



would be a good indicator for the r-process as ~80-86% (lArlandini et al.lll999l : iBurris et al. 
2000l : ITravaglio et al.ll2004l )^^ of the total solar abundance is produ ced in the r-pr ocess. Unfor- 



tunately, only metal-poor stars CS 22 892-052 (ISneden et al. 



2000l : ISneded 120061), BD +17°3248 (ICowan et al 



20031 ). HD 155 444 (IWestin et al. 



20021 ). CS 31082-001 (IHill et all 120021 ) 



HD 221170 and HD 122563 have published abundance yields of Nb, Mo, Ru, Rh, Pd and 
Ag^^. Nevertheless, although the statistics are low for Pd and Ag, the elemental abundances 
shown in Fig. [T] are more consistent with an Eu non-correlation as observed for Sr, Y, and 
Zr, than with the constant ratio exhibited by the heavier r-process elements. We must cau- 
tion, however, that the observed Ag abundances in these metal-poor stars may have some 
uncertainties. The atomic data for this element are well established and the Solar System 
abundance also appears well determined, but it is not clear whether non-LTE effects could 
have affected the abundance analysis since the Ag abundances are based upon (low-lying) 
neutral transitions as opposed to ion transitions. 

Within their very low statistics (2-4 data points) the abundances of Nb, Mo, and Rh 
are also consistent with the trend exhibited by Sr, Y, Zr, Pd and Ag. A possible exception 
is Ru, which shows a fiat trend, but it is not possible to make definite conclusions based 
on just 3 data points. Also, Ru has less established atomic data for the lines analyzed. We 



- 6 - 



therefore conclude that the LEPP not only produces Sr, Y, and Zr, but most likely all light 
elements between Sr and Ag observed in very low metallicity stars. 

Fig. [Halso shows the underproduction of Sr, Y, Zr, Ag, and Pd versus Eu with respect to 
the solar pattern f or the most Eu en riched stars. Clearly this underproduction is a function 



of Eu enrichment. Ilvans et al.l (120061 ) recently pointed out that in HD 221170 ([Eu/Fe]=0.8) 
not only the heavy r-process elements, but also the light r-process elements are in reasonable 
agreement with the solar r-process abundance pattern and do not show the pronounced 
underproduction of some elements such as Ag and Pd as seen in other r-process enhanced 
stars. Given the slopes indicated by the data displayed in Fig. [H one does indeed expect 
[Sr/Eu], [Y/Eu], [Zr/Eu], [Pd/Eu], and [Ag/Eu] ratios close to the solar r-process value for 
moderately r-process enriched stars around [Eu/Fe]=0.8. 



Recently iHonda et al.l (120061 ) reported seven new elemental abundances in the metal- 
poor star HD 122563 and observed an excess of light neutron-capture elements. This star 
has ratios of [Ba/Eu]=— 0.5, [Fe/H] =— 2.7 and [Eu/Fe]=— 0.5, and the enhancement of light 
neutron-capture elements makes it a candidate for a LEPP enhanced metal-poor star. The 
abundances of HD 122563 are also shown in Fig. [H They follow nicely the abundance trends 
found in all the other metal-poor stars and this consistency makes us believe that HD 122563 
has in fact a significant LEPP contribution. 

There are some indications that the observed stable abundance pattern of the main 
r-process (except for U and Th) extends to the light r-process elements. Fig. [T] shows a 
flattening of the [Xj/Eu] vs. [Eu/Fe] slopes for light r-process elements in the most enriched 
stars with [Eu/Fe] >1. 3 where the main r-process component dominates. This is most clearly 
seen for Sr and Y, but Zr, Pd, and Ag are not inconsistent with such a trend. In addition, 
within the error bars the [Xj/Eu] scatter in the [Eu/Fe] >1. 3 region is small and comparable 
to the heavier r-process elements. We therefore take the most Eu enriched stars such as 
CS 22892-052 and CS 31082-001 ([Eu/Fe]>+1.0 ) as representatives of a stable, universal 
r-process component (except for U and Th). The picture that then emerges is that in less 
Eu enriched stars an additional contribution from the LEPP to the light elements from Sr 
to Ag becomes visible. We will show below that one then obtains also a LEPP abundance 
pattern that is fairly consistent from star to star, which again is a hint that our assumptions 



^^A reanalysis of the calculations in iTravaglio et al.l (j2004l ) indicates some modification in the values for 
the Ag entries in their table 5. The corrected s fraction is 14% and the r residual is then 86%. 

Recent high resolu tion spectroscopy of the extremely metal-poor star HD 88609 was recently reported 
Honda et alj (|2007l ) after the manuscript was completed and it is not included in the discussion. Its 



elemental distribution is very similar to the one observed in HD 122563. 
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are justified. 

One might argue that there is the possibihty of a metallicity dependence of the r- 
process abundance pattern for the hght r-process elements. Fig. [2] shows the ratio [Sr/Ba] 
as a function of metalhcity. There is no indication of a metalhcity dependence from these 
data and at least for [Fe/H]< —1 they are consistent with a large scatter resulting from 
mixing light and heavy element nucleosynthesis processes at low metallicities and a gradual 
homogenization of the composition of the Galaxy as a function of metallicity. 

In order to find the LEPP pattern in all the metal-poor stars studied, we use CS 31082- 
001 as an r-process only star, and determine the LEPP abundances in other stars by sub- 
tracting its abundance pattern normalized to Eu. This assumes that all Eu is made in the 
r-process. The resulting residual abundances shown in Fig. [3] were scaled to Zr so that the 
patterns can be compared. As Fig. [3] shows, the residual abundances are very consistent for 
all elements and for all stars shown. A similar result is obtained by using CS 22892-052 as a 
representative of an r-process only star. The scatter of the data in Fig. [3] measures variations 
within the light element pattern. Clearly the scatter is greatly redu ced compared to [X/Fe], 



which has already been shown for Y, Sr, Zr (ITravaglio et al.l 120041 ). Here we show that the 



few data on Pd and Ag are consistent with a similar behavior. Even though the error bars 
are large for high [Eu/Fe], they become smaller for stars with significant LEPP contribution. 
The distribution of the data is consistent with no scatter indicating a consistent pattern 
from star to star for the lighter elements. 

We therefore conclude that the LEPP creates a uniform and unique pattern and that 
with a mixing of a robust r-process, the abundance composition of the other metal-poor 
stars can be obtained. For elements from Sr to Ag all weakly Eu-enriched stars show an 
overabundance with respect to CS 31082-001, simply reflecting the extra LEPP component. 
For elements heavier than Ag, the LEPP enrichment is less significant and for almost all of 
the stars only an upper limit in the abundance can be obtained. 

To obtain information on the elements that are only weakly produced in the LEPP 
one therefore needs to look at the stars with the lowest [Eu/Fe] where the LEPP most 
prominently dominates the composition. We believe that HD 122563 is an example of such 
a star. Therefore, having argued for the uniformity and uniqueness of the LEPP abundance 
pattern based on a number of stars, we now use HD 122563 to obtain our best estimate of 
the LEPP abundance pattern. We take the average of the known r-II stars, and subtract this 
best estimate of the r-process from the HD 122563 abundance pattern assuming that Eu, 
Gd, Dy, Er and Yb were solely produced in the r-process (i.e. scaling the main component 
to those elemental abundances). Both patterns are shown in Fig. HI The result is referred 
to as the stellar LEPP abundance pattern in this paper, and it is shown in Fig. [51 It is 
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noteworthy that we find that some smaller amounts of Ba, Ce, Pr, Nd, Sm and Eu are still 
produced by the LEPP. 

It would be desirable to obtain a more complete abundance pattern of more Eu-deficient 
metal-poor stars that exhibit the same (non) correlations as HD 122563. Candidates for such 
stars are HD 88609 ([Fe/H]=-2.93, [Eu/Fe]=-0.3), HD 13979 ([Fe/H]=-2.26, [Eu/Fe]=-0.4) 
and HD 4306 ([Fe/H]=— 2.7, [Eu/Fe]=— 0.6). However, the abundances of elements from Ru 
to Ag have not yet been observed in these stars. 

To determine the LEPP contribution to the solar system abundances, we subtracted the 
average of the known highly r-process-enhanced stars from the abundance pattern obtained 
by subtracting the s- and p-processes from the solar abundance. Any determination of the 
solar r-process abundances suffers from the uncertainties in predicting the s- and p- process 
contributions. In particu lar, uncertainties in the neutron-capture cr oss sections and in the 
solar system abundances (lArlandini et al.lll999l : iTravaglio et al.ll2004j ) create uncertainties in 
the predicted s-process abundances which were taken into account in the c alculatio n s. Th e 



solar system abundances were taken from lAnders fc Grevessd (Il989l ) and iLodderd (2003). 



The weak component of the s-process was included using the results of iRaiteri et al.l (Il992l ). 
Different models have been used in the past for the r nain s -process component, which is the 
most important one for our study. lArlandini et al.l (119991 ) used the average s-process yield 
from two AGB s tellar models fo r a 1.5 M(^ and a 3Mq star, both at metallicity 1/2 Zq. On 
the other hand, ITravaglio et al.l (120041 ) followed a Galactic chemical evolution model that 
used a range of masses and metallicities and also included intermediate mass star s-process 
yields. For elements with Z > 50 both models agree with in the error bar s and no major 
discrepancies are found. While for elements wi t h Z < 37, ITravaglio et al.l (120041 ) produce 
relatively more s- material than lArlandini et al.l (119991 ) due to the additional contribution in 
this region by AGB stars of intermediate mass (4 to 8 Mq), the opposite happens for elements 
in the range 38 < Z < 51. The main difference in the resulting solar r-proce ss contributions 



are th erefore found for Sr, Y and Zr. Using the s-process contribution from lArlandini et al. 



(119991 ) . the solar residuals exhib it smaller amounts of S r, Y and Zr m aterial than whe n using 
the s-process calculations from ITravaglio et al.l (120041 ). Because the ITravaglio et al.l (120041 ) 
Galactic chemical evolution model is more complete and includes more relevant physics, it is 
the model that was used in our study. The effect of the p-process to the elemental abundance 
was included by assuming that it solely adds to abundances of proton-rich isotopes. Only the 
abundance of Mo and Ru are significantly modified by the p-process. The elemental LEPP 
contribution to the solar system abundances, which we now call the solar LEPP pattern, 
obtained by subtracting the s-, p- and the r-process (average of r-II stars) from the solar 
abundances, is shown in Table [H Upper limits of the isotopic solar LEPP abundances were 
also obtained. Note that for s-only isotopes the LEPP abundances can be unambiguously 
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calculated since they do not have an r-process contribution. 

Figure compares the solar LEPP pattern with the stellar LEPP abundance pattern. 
We find rather good agreement for elements Y, Sr, Zr, Nb, Mo, Ru and Rh. We therefore 
propose that the LEPP observed in the abundances of metal poor stars and the process that 
is responsible for fi lling in the residual ob tained when subtracting from the solar abundances 



the s-process from iTravaglio et al.l (120041 ). the r-process component observed in the most Eu 



enriched metal poor stars, and the p-process, are the same. The relative contributions of the 



LEPP to the solar system abundances are also in agreement with llshimaru et al.l (120051 ). who 
found indications that the LEPP (or weak r-process in their notation) contribution decreases 
with atomic number. The element Pd would be somewhat intermediate between Sr, which 
is dominated by the LEPP, and Ba, which is dominated by the main r-process. However, 
there are also some discrepancies between the stellar and the solar LEPP patterns. The solar 
LEPP abundance of Pd is about a factor of 2 smaller than the stellar one, but still within 
2 cr of the error bars. However, the solar LEPP abundance of Ag is 5 times less than the 
stellar LEPP abundance. Since Ag is mainly an r-process element (~80-86%), it is unlikely 
that the s-process contribution is underestimated by more than a factor of 3 to account for 
the difference. As mentioned earlier, one possible explanation is the uncertainty of non-LTE 
effects in the metal-poor stars abundance analysis. 



3. Astrophysical conditions 



The second nucleosyn thesis process producing the lighter r-process elements postulated 
in the pioneering work of IWasserburg et al.l (119961 ) has usu ally been a s sumed to be an r- 
process due to its required production of ^^^L Consequently iQian et al.l (119981 ) did attempt 
to model its abundance pattern with a schematic strongly simplified r-process model based 
on the few observational data that were available at the time. 

Traditionally, light s-process products have not been thought to be produced at very 
low metallicities. In particular, the weak s-process abundance contribution is negligible in 
extremely metal-poor stars with [Fe/H]«i —3 to account for the abundance of Sr, Y and Zr 
since the main neutron source in massive stars, ^^Ne, is of secondary nature. Indeed, produc- 
tion of ^^Ne derives from the original CNO nuclei, first converted essentially to ^^N during 
core H-burning, then converted to ^^O by a capture at the beginning of core He-burning and 
further processed by a capture to ^^Ne. Neutrons are released by the ^^Ne(a,n)^^Mg channel 
near core He exhaustion or during the following convective shell ^^C burning. 



Furthermore, the main s-process occurs in low and intermediate mass stars which have 
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relatively long life spans and cannot thus explain the observation of metal-poor stars abun- 
dances. The i s otopic deficiencies of the Galactic chemical evolution s-process model of 
Travagho et aP tooi ) in the s-only isotopes ^^Sr, ^^Mo, i°°Ru, i°^Pd, i^°Cd, ^^^Sn, i22-i24rjg 



and ^^^'^^°Xe, which are only produced with abundances of 70-80% of the solar value, are 
problematic since those isotopes should come entirely from the main s-process. Either a third 
s-process component has to be included to account for such deficiencies or there is a problem 
in their model. For such reason, the possible existence of a pri mary s-process contrib uting; 
to abundances in this region cannot be excluded. In addition, iFrohlich et al.l (120061 ) and 
Wanajol (120061 ) have recently suggested that the z^p-process might contribute to the Y, Sr, 
and Zr abundances observed in metal-poor stars. The z^p-process occurs in a proton-rich, 
neutrino-driven wind off a proto-neutron star and is therefore a primary process that could 
operate in the early Galaxy. While this process produces primarily neutron-deficient iso- 
topes, it cannot be excluded observationally as only elemental abundance data are available 
for the light r-process elements. 

Since we are interested in determining where this second nucleosynthesis process, the 
LEPP, operates, we explore here the possibility of a neutron capture process being responsi- 
ble for the LEPP. We do not make any assumptions about the neutron exposure, but rather 
determine the necessary conditions to reproduce the newly obtained LEPP abundance pat- 
tern with site-independent full network calculations. Our goal is to constrain the neutron 
densities and temperatures needed for a LEPP process in order to be consistent with ob- 
servations. In particular, we want to determine whether the LEPP is an s- or an r-process 
(different from the one creating the r-II abundances). 

We use a classical approach with a constant neutron exposure of neutron density n„ 
and duration r at a temperature T. We vary conditions from s-process type conditions 
to r-process type. We do not use any waiting point or steady flow approximation, but 
employ a full reaction network for the abundances of 3224 nuclei from H to Ta, taking into 
account neutron capture rates, their inverse (7,n) photo-disintegration rates, and /5-decay 
rates with /3-delayed neutron emission. The nuclear reaction rates were taken from the recent 
REACLIB compilation, which includes theoretical reaction r ates based on NON-SMOKER 
statistical m odel calculations (Rauscher fc Thielemann! |2000| ) with Q-values obtained with 
the FRDM ( MoUer et al. IQQsl ) mass model. Experimental Max wellian average n eutron 



capture cross sections and their temperature trends were taken f romlBao et al. 



availa ble. Experimental /3-decay rates were used wh en available (NNDC 



2OO2I ). Theoretical /3-decay rates were taken from iMoUer et al.l ( 



from calculations including first forbidden transitions (IMoUer et al 



199 



I 



2006 



(2000) when 



Pfeiffer et al. 



or when available. 
Temperature 



20031 ). 



and density dependent /3-decay rates from iTakahashi &: Yokoil (119871 ) were included. The 
temperature was kept constant as a function of time. The initial abundance composition 
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consisted of neutrons and seed nuclei, either ^^Fe, ^°Ca or a solar distribution seed. The ^^Fe 
mass fraction used in the calculation was 1%. The neutron to seed ratio was chosen such that 
rin did not change by more than 5% during the calculation. The choice of seed abundance 
does not affect the final abundance pattern, as long as it is below the mass region of interest, 
and therefore none of our conclusions depend on it. Our choice of Fe as seed is arbitrary and 
a purely technical means to create a neutron capture flow through the relevant mass region. 
In particular it does not imply the process to be of secondary nature. In general a neutron 
capture process requires some seed. In the case of a primary process, this seed had to be 
created in the same astrophysical event. An example is the a-process generating the seed 
for the r-process in the neutrino-driven wind scenario in core collapse supernovae. 

To quantify which conditions better fit the stellar LEPP abundance pattern a function 
f{nn,T,T) defined as. 



dance of element i. The closer the value of /(n„, T, r) to the number of residuals is, the 
better the agreement between the calculated abundance pattern and the stellar LEPP abun- 
dance pattern. Since the size of the uncertainty of the reference abundances for all elements 
is relatively the same, the function is not dominated by one uncertainty and its use is 
justified. 

The duration for the neutron exposure r was chosen to minimize T, r) for a given 

set of astrophysical conditions n„ and T. In order to do this, we started the calculation 
for a given T and n„, and for every time step determined the abundance pattern that 
would be produced if the neutrons would be instantly exhausted at that point and all nuclei 
would decay back to stabihty via /3-decays. The use of a full decay network including /3- 
delayed neutron emission for this purpose at every time step and for all conditions was 
computationally impracticable. Beta delayed neutron emission was however included when 
calculating the final abundance pattern for the optimum process duration. 

The resulting best abundance patterns for different conditions are shown in Fig. [61 These 
calculations were performed with a ^^Fe seed. Using '^^Ca or a solar abundance distribution 
as seed did not have a major impact on the abundance pattern, but only changed the neutron 
flux duration r. We find that the abundances of elements 38 < Z < 47 can be reasonably 
reproduced under a variety of different astrophysical conditions. Even though low neutron 
densities n„ ^ 10^ cm~'^ and high neutron densities ~ 10^^ cm~^ can fit the LEPP 
pattern best in this region, other neutron densities can reproduce the pattern within a factor 




LEPP\ 2 



(1) 



was used, where Yf^^ is the calculated stable abundance and y.^^^^ is the desired abun- 
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of 3 for every element. However, if heavier elements {Z > 56), even in a relatively low 
amount such as in the LEPP, also have to be created, low neutron densities are favored to 
reproduce the desired abundances. This is illustrated in Figure [3 which displays /(n„,T, r) 
for different astrophysical conditions. Neutron-capture processes with a low neutron density, 
Un < 10^^ cm~^, reproduce the residual abundance pattern better. Higher neutron densities 
fail to reproduce the abundance pattern since it is not possible (within the model) to create 
the correct abundances for 38 < Z < 47 and sufficient amounts of Z > 56 material. The 
dependence on temperature is small; only for low neutron densities can a high temperature 
be excluded. 

The average atomic number of the created nuclei increases as a function of time as 
neutron captures are followed by /5-decays. As the material becomes heavier, some of it 
reaches the region 38 < Z < 47 and the desired abundance pattern may be reproduced. As 
more and more material increases its atomic number, the abundance in the region 38 < Z < 
47 decreases and the abundance of Z > 56 starts to increase. To satisfactorily reproduce 
the residual abundance pattern most of the abundance has to go into 38 < Z < 47. For 
Z > 56, the amount of created material has to be about one order of magnitude less than the 
average abundance of the light elements. The neutron shell closure = 82 is a bottleneck 
where abundances accumulate. In order to produce sufficient 38 < Z < 47 abundances the 
neutron flux has to be exhausted while most of the material is passing through the A = 82 
bottleneck. For processes with a large neutron density, the abundance peak occurs around 
50 < Z < 56. In order to produce elements 56 < Z < 62, enough material has to leak out 
of the bottleneck. Because of the relatively long time for that to occur, the abundance of 
elements Z = 47 and 48 already decreases before enough 56 < Z < 62 material is created. 
For processes with a relatively small neutron density, the shell closure produces progenitor 
bottleneck abundances in the region 56 < Z < 60 and therefore the required amount of 
heavy material can still be obtained. 

Even though low neutron density scenarios produce a higher amount of heavy material 
that is in agreement with the solar LEPP abundances, the stellar LEPP abundance pattern 
is not completely reproduced for Z > 56 as shown in Fig. [61 While Ba seems to be always 
overproduced, Pr and Sm are underproduced by the network model using low neutron density 
scenarios. The neutron flux duration necessary to obtain a reasonable fit under the lowest 
neutron density (r ^ 1170 years for n„ = 10^ cm~ ^) far exceeds what is expected by 



present nucleosynthesis calcul ations in massive stars (IWoosley et al.l l2002l : iRauscher et al. 



2OO2I : IChieffi fc Limongil I2OO4I ). More favorable conditions would require higher n„. The 
choice Un = 10^^ cm~^ implies r 5 days. A primary neutron source would also be necessary 
to obtain a primary-LEPP mechanism, either by the elusive channel ^^C+^^C— s^n+^^Mg, 
or by more sophisticated situations in which convective shell C-burning layers merge with 
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hotter inner regions suffering Ne-shell and 0-shell burning in the most advanced phases. 
These developments are outside the scope of the present analysis. 

Even though in the high end of the < 10^^ cm~^ range some amount of ^^^I is made (at 
a neutron density n„ 10^^ cm^^ the neutron capture on ^^''Te becomes comparable to the 
beta decay halfiive ^ 10 h and therefore a subsequent neutron capture on the stable ^^^Te and 
the ^^^Te beta decay creates it), in our calculations not enough ^^^I is produced to explain the 
meteoritic ratios. It is however interesting that for low neutron densities, n„ < 10^^ cm~'^, 
the derived solar LEPP isotopic abundances are in agreement with the missing s-process 
abundances in t he reg ion Mo to Xe predicted by the Galactic chemical evolution model by 
Travaglio et al.l (120041 ) that includes the yields of all AGB stars according to their lifetimes 
and production at various metallicities. In particular, s-only isotopes in the region from Mo 
to Xe are within 20 to 30% of their solar abundances. For higher neutron densities, the 
LEPP isotopic distribution shifts progressively towards an r-process behavior. 

The disadvantage of using a site- independent model is that the reaction network calcula- 
tions may be over simplistic and some important features can be left out . R-process scenarios 
such as the neutrino driven wind in supernovae and supernova fallback (IWooslev fc Hoffman 



1992 



Fryer et al 



Takahashi et al.lll994l : IWanajo et al.ll200ll : [Thompson et al.ll200ll : iFarouqi et al 



20061 : 



20061 ) have neutron densities that dramatically evolve with time. By keeping a 



single constant neutron density the effect of such change cannot be correctly reproduced. 
For such a reason we also performed test calculations to explore whether separate r-process 
components for the 38 < Z < 47 and the 56 < Z < 62 regions could reproduce the LEPP 
abundance pattern. Fig. [6] shows the abundance pattern when using components n„ = 10^^ 
cm~^, T = 60 ms and n„ = 10^^ cm~^, r = 2 s at Tg = 1.5. Although the stellar LEPP is 
not completely reproduced for the heavy elements, the abundance pattern is reproduced to 
better than an order of magnitude with the exception of Ba and Pr. Even though the choice 
of components is not unique, a lower neutron density limit of n„ = 10^"^ cm~^ was found 
preferable to reproduce light and heavy elements without overproducing Pd, Ag, though 
some overproduction of Ba cannot be avoided. In this case, no s-process production is possi- 
ble. Site-dependent calculations should be performed in the future to compare the observed 
LEPP abundances with predictions from various realistic scenarios. 



4. Conclusions 



We have shown that the elemental abundances of metal-poor halo stars exhibit a non- 
correlation between [X/Eu] and [Eu/Fe] for Y, Sr, Z r, Pd, and Ag. The same behavior had 
been found before for Y and Zr in a few stars in M15 (lOtsuki et al.ll2006l ). This provides new 
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further evidence for the existence of a primary LEPP process that contributes together with 
the r-process, the weak s-process, the main s-process, and the p-process to the nucleosynthesis 
not only of Y, Sr, and Zr, but, as we show here, for most elements in the Sr-Ag range. We also 
find that a very small contribution to still heavier elements up to Eu is likely. Based on our 
results we were then able to show that the LEPP produces a uniform and unique abundance 
pattern, shown in Fig. [5], and that together with the pattern observed in Eu-enriched stars 
(r-process rich), are able to explain the abundances of all metal-poor stars considered. 

Metal-poor stars with very weak Eu enhancement play an essential role in constraining 
the LEPP as they have the smallest contribution from the r-process. A prime example is 
HD 122563, for which a wide range of elemental abundances are observed. We are therefore 
able to explain the abundance observations in HD 122563 and HD 221170 that previously 
had been identified as "anomalies" , together with the abundances observed in other metal- 
poor halo stars with a consistent picture of mixed contributions from the r-process and 
the LEPP. In addition, it was found that t he LEPP contributes significantly to the solar 
system abundances based on the use of the iTravaglio et al.l (120041 ) s-process model. While 
we consider this mo del to be the bes t available it should be noted that the use of the simpler 
s-process model by lArlandini et al.l (119991 ) . for example, would have led t o a significantly 



reduced solar system contribution of the LEPP. However, only when using the iTravaglio et al. 



( 120041 ) s-process model do the solar and the stellar LEPP abundance patterns agree. 



Since the astrophysical conditions that would create the LEPP abundance pattern are 
not known, full reaction network calculations were performed in a heuristic way assuming 
different neutron capture process conditions. A variety of different neutron densities from 
s-process to r-process like were found to reproduce the abundance pattern between Sr and Ag 
within the observational uncertainties. However, intermediate neutron densities in between 
typical s- or r-process conditions seem to be excluded. Using a single component to reproduce 
the LEPP pattern only neutron densities n„ < 10^^ cm~^ seem to create enough Ba to Sm 
material (which actually consist of quite small contributions to solar) that is consistent 
within an order of magnitude with the abundances inferred for HD 122563. These low 
neutron densities correspond to densities found in the s-process, or not so far from it. A 
LEPP characterized by neutron densities of n„ < 10^^ cm~^ then not only addresses the 
the problem of explaining metal poor star abundance patterns, but also the problem of the 
u nderproduction of som e s-only isotopes in the s-process galactic chemical evolution model 
of iTravadio et all booj ). 



Multiple nucleosynthesis processes are also required t o explain the early solar s ystem 
i29j^i27j ^'^^Hf/^^''Hf ratios inferred from meteorites (IQian &: Wasserburg 120031 ). As 
^^^I and ^^^Hf are radioactive nuclei with different half-lives, the detected abundance ratios 
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imply different chemical evolution histories for ^^^I and ^^^Hf, both thought to be produced 
in the r-process. If low neutron density scenarios are responsible for the LEPP, the A=130 
abundance peak could be attributed to the main r-process component (as observed in r-II 
metal-poor stars). In this case, most of ^^^I and ^^^Hf would be produced in the same r- 
process events, wh i ch co uld not explain the meteoritic data. It should be noted however that 



Meyer &: ClaytonI (120001 ) have questioned the pure r-process origin of ^^^Hf. An alternative 
scenario that would satisfy the meteoritic constraints would be that yet another process is 
responsible for the origin of the A = 130 abundance peak. This would require that the 
A = 130 production, or at least the production of ^^^I, be largely avoided in the main r- 
process that is known to produce the heavy elements from Ba and beyond. Similarly, the 
hypothetical additional process that is responsible for the synthesis of ^^^I would have to 
provide negligible contributions to Ba. It would have to be demonstrated in realistic model 
calculations that both requirements can be achieved. Recent studies based on the classical 
r-process model indicate that this might be difficult given the know nuclear physics around 



the N = 82 shell closure (IKratz et all 120071 ). 



The astrophysical scenarios involving neutron densities ra„ < 10^'^ cm^'^ do not corre- 
spond to the traditional weak or main s-process because the nucleosynthesis occurs in very 
low metallicity stars and the required neutron flux duration is too long compared to what is 
expected in those scenarios. A particular challenge is to find a stellar scenario with low neu- 
tron densities during a long period of time occurring in low metallicity stars strong enough 
to produce elements up to Eu. Since it is hard to envision such a scenario, possibilities other 
than low neutron capture processes should also be considered to explain the observed LEPP 
abundances. 

While it is not possible to reproduce the entire LEPP abundance pattern at high neutron 
densities with a single neutron exposure, we showed that in principle a multi-component 
exposure with neutron densities n„ > 10^^ cm~^ could reproduce the observed abundances. 
In such a model the LEPP could synthesize ^^^I explaining the meteoritic data, though the 
overproduction of Ba is difficult to avoid. A high neutron density LEPP would however 
require that the solar abundance residual (our solar LEPP abundance pattern) cannot, or 
at least not entir ely, be explained with LEPP anymore, as it contains the s-only nuclei 



underproduced in iTravaglio et al.l (120041 ). In this case one would have to conclude that the 
LEPP contributes at most a small amount to the solar abundances, and that an unknown 
additional s-process component is required to explain the solar abundances. Moreover, the 
agreement between our solar LEPP pattern and the observed LEPP component in metal 
poor stars pointed out in this work would than have to be considered coincidental. 

The s-process contribution to solar ^^Mo is only 78%. Since that isotope is shielded by 
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^^Ru against an rp-process far from stability, one might argue that such a process is possibly 
excluded as an explanation for the LEPP. Nevertheless, a nucleosynthesis process on the 
proton-rich side running closer to stability such as the recently proposed z/p-process should 
be considered. Besides proton captures, the i/p-process includes neutron induced reactions 
and the r efore has a path closer to stability producing isotopes such as ^^Mo. In addition. 



Wanajd (120061 ) have shown that the i^p-process under some conditions can produce enough 
material up to Eu. Further studies should also consider this process a candidate for the 
production of LEPP abundances. 

The parameter study in the present work is a first step toward determining the astro- 
nomical site responsible for creating the abundance of material not created in the r-process 
in metal-poor stars. More observational data, particularly for r-process poor stars and for 
more elements below Ba, would certainly be important for further progress. It would also 
be desirable to identify actual sites that could be responsible for the LEPP and perform site 
specific calculations to reproduce our derived LEPP abundance pattern. 



After submission of this paper, iQian fc Wasserburd (120071 ) presented a refinement of 



their phenomenological model that is based on similar observational constraints as presented 
here. Their model is based on the observed abundances in HD 122563 (for their "L" com- 
ponent) and CS 22892-052 (for their "H" component). Tough their adopted patterns are 
slightly different, their conclusion that such a two component model can explain currently 
available metal poor star abundance patterns is in agreement with this work. Our results 
concerning the implications of the production of some A>130 nuclei in the LEPP, the likely 
nature of the LEPP and its potential relevance for the s-process are not affected. 
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Table 1: LEPP contribution to the solar system total abundance (Solar LEPP as defined in 
the text). 



Element 


% 


Sr 


<19 


Y 


19(8) 


Zr 


20(11) 


Nb 


13(10) 


Mo 


26(12) 


Ru 


<34 


Rh 


28(9) 


Pd 


34(10) 


Ag 


72(16) 


Ba 


<9 


La 


<28 


Ce 


<8 


Pr 


12(11) 


Nd 


<12 


Sm 


<12 


Eu 


<21 


Gd 


<25 
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Fig. 1. — Abundance ratio of metal-poor stars as a function of [Eu/Fe]. Only stars with 
[Ba/Eu]<0 (except HD 122563) and [Fe/H ]< —1 are shown. Abundances represen ted by 



crosses were taken from 



Burris et al 



circles from Christlieb et al. 



open squa res from iHonda et al.l (120041) . open 



(|2Qo3); iBarklem et al.l (120051 ) and filled circles from lHonda et al.l 



( 120061 ). Dashed lines are the respective r-process ratios. 
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Fig. 2. — Abundance ratio [Sr/Eu] of metal-poor stars as a function of metallicity [Fe/H]. 
Only stars with [Ba/Eu]<0 (except H P 122563) arid [Fe/ H]< —1 are shown. Abundances 



repres ented by crosses w ere taken fromlBurris et al.l (120001). open squa res from iHonda et al. 



(l2004f). open circles from lChristlieb et al.l (120041 ) : lBarklem et al.l (120051 ) and filled circles from 
Honda et al.l tood ). 
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Fig. 3. — Abundance obtained after subtracting a Eu-scaled CS 31082-001 abundance (main 
r-process) from metal-poor stars as a function of [Eu/Fe]. Only stars with [Ba/Eu]<0 (ex- 
cept HD 1 22563) and [Fe/H]< —1 are shown. A bundances represent ed by crosses were 
taken from iBurris et al.l ( 20001) . open s q uares from iHonda et al.l (12004 ), open circles from 
Christlieb et al.l (120041 ): iBarklem et al.l (20051). filled diamonds from iQian &: Wasserburg 



( 120071 ) 



and filled circles from 



Honda et al.l (120061 ). 
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Fig. 4. — Abundance pattern of HD 122563 and scaled abundance pattern obtained by 
averaging r-II stars CS 31082-001 and CS 22892-052. The average r-II stars pattern was 
normalized to the Eu, Gd, Dy, Er and Yb HD 122563 abundance. 
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Fig. 5. — Abundance pattern created by the LEPP. Pattern represented by filled squares was 
created by subtracting the scaled average of CS 31082-001 and CS 22892-052, the s- and p- 
process contributions from the solar abundance (solar LEPP). Pattern represented by filled 
circles was obtained by subtracting the scaled average of CS 31082-001 and CS 22892-052 
from HD 122563 (stellar LEPP) and scaling it to the solar LEPP Mo abundance. Read text 
for explanation. 
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Fig. 6. — Abundances as a function of atomic number normalized to Mo for different astro- 
physical conditions and compared with the stellar LEPP (HD 122563-rII average) pattern. 
Neutron flux duration was chosen to better reproduce the stellar LEPP abundances. Neutron 
density n„ is given in cm~^ and temperature T in GK. 
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Fig. 7. — f{nn,T,r) as function of neutron density t2,„ for different temperatures wlien 
comparing tlie results of the network calculations with the modified HD 122563 abundance 
pattern. Confidence intervals for the distribution are also shown. 



